Context: Homozygous mutations in SERPINF1 cause deficiency of pigment epithelium-derived factor (PEDF) and lead to osteogenesis imperfecta (OI) type VI, but it is not known whether heterozygous mutations in SERPINF1 cause a phenotype.
O steogenesis imperfecta (OI) type VI is a recessively inherited bone fragility disorder that was first identified based on bone histological characteristics, namely a large amount of unmineralized osteoid and fish scale lamellation in the presence of normal mineral metabolism (1) . OI type VI is caused by homozygous mutations in SERPINF1 (2), the gene coding for pigment epitheliumderived factor (PEDF). PEDF is an approximately 50-kDa secreted protein that is widely expressed, including by osteoblasts and osteoclasts. PEDF is also one of the most abundant secretory products of adipocytes (3) , and circulating concentrations of PEDF correlate positively with body fat mass and insulin resistance (4, 5) .
Until now, 17 unique SERPINF1 mutations (http:// www.le.ac.uk/ge/collagen/) have been found in approximately 30 individuals with OI type VI (2, 6 -9) . The SER-PINF1 mutations that are associated with OI type VI lead to a lack of PEDF in the circulation (7) . Despite the wide expression of PEDF and the many functions that have been ascribed to this protein, PEDF deficiency seems to lead to a specific skeletal phenotype but no clinically apparent disease manifestations outside the skeletal system.
There is presently no information on whether heterozygous mutations in SERPINF1 cause a phenotype. Some genetic defects that lead to severe bone fragility disorders in the homozygous state also cause bone disease in heterozygous carriers. For example, homozygous defects in LRP5 lead to osteoporosis-pseudoglioma syndrome, whereas heterozygous LRP5 mutations can give rise to osteoporosis (10) . Similarly, homozygous mutations in WNT1 cause a severe form of OI, but heterozygous mutation carriers can have early-onset osteoporosis (11, 12) . In the present study, we therefore assessed family members of individuals with OI type VI and compared the results of SERPINF1 mutation carriers with those of noncarriers of SERPINF1 mutations.
Materials and Methods

Subjects
The study population comprised 29 family members (age range 8 -89 y; 18 females, 11 males) of patients with a diagnosis of OI type VI. Members of eight families were examined. All study participants were assessed at the Shriners Hospital for Children (Montréal, Qué-bec, Canada). The study was approved by the Institutional Review Board of McGill University, and informed consent was obtained from the participants or, for minors, their legal guardians. Assent was obtained from children and adolescents aged 7-17 years.
Height, weight, and body mass index were converted to age-and sex-specific z-scores on the basis of reference data published by the Centers for Disease Control and Prevention (13) .
Bone densitometry
Lumbar spine areal bone mineral density (aBMD; grams per square centimeter) was determined in the anterior-posterior direction at the lumbar spine (L1-L4) using a Hologic QDR Discovery device (Hologic Inc). Total body dual-energy X-ray absorptiometry (DXA) was performed with the same device to measure total body aBMD, lean body mass, and fat mass. Percentage body fat was calculated as the ratio between fat mass and total body mass. Results were transformed to age-specific z-scores, using reference data provided by the densitometer manufacturer.
Forearm peripheral quantitative computed tomography (XCT-2000; Stratec Inc) was performed at the 4% site of the radial metaphysis to measure trabecular volumetric BMD (vBMD) and at the 65% site of the radial diaphysis to measure cortical vBMD, as described elsewhere (14, 15) . Gender-specific z-scores were calculated based on reference data established by one of the authors (14, 15) .
Biochemical measurements
Serum samples were obtained between 8:00 and 10:00 AM after an overnight fast. Serum PEDF was quantified by an ELISA (BioVendor Laboratory Medicine Inc) (16) . Serum levels of intact PTH were analyzed using a chemiluminescent immunoassay (Access immunoassay systems; Beckman Coulter Canada). Serum amino-terminal propeptide of type I collagen, cross-linked C-telopeptide of type I collagen (CrossLaps; Immunodiagnostic Systems), and 25-hydroxyvitamin D were measured by immunochemiluminescence assays on an IDS-iSYS automated analyzer (Immunodiagnostic Systems).
Sequence analysis of SERPINF1
The SERPINF1 exons harboring the mutation of the OI type VI patient in each family were amplified by PCR in genomic DNA. The mutations were previously described (7). The sequencing reaction was performed using a BigDye Terminator cycle sequencing kit (Applied Biosystems). The nucleotide sequence was determined using an Applied Biosystems 3100 DNA sequencer. Patient sequences were compared with a GenBank reference sequence (NM_002615.5).
Fibroblast analyses
Skin biopsy samples were obtained at the proximal forearm using a 3-mm punch biopsy needle. Skin fibroblasts were cultured in the presence of 50 g/mL ascorbic acid. Cells were maintained in serum-free medium for 24 hours prior to analyses. Real-time PCR was performed on cDNA using an ABI 7500 real-time PCR machine using Taqman primers specific for SERPINF1 (Hs01106934_m1) and ACTINB (Hs01060665_g1) (Applied Biosystems). The expression levels for SERPINF1 were normalized to those of ACTINB using the threshold cycle method and expressed as fold difference relative to control fibroblasts. For PEDF protein analyses in conditioned medium, 20 g protein from control and selected carriers were separated on 10% sodium dodecyl sulfate-polyacrylamide gels. Primary antibodies were applied against PEDF (rabbit polyclonal antimouse-PEDF; Millipore).
Statistical analyses
Differences between 2 groups were tested for significance using the unpaired t test. Group differences in dichotomous variables were tested for significance using the 2 test. All tests were two tailed, and values of P Ͻ .05 were considered significant. Calculations were performed using SPSS version 19.0 (SPSS Inc).
Results
Six different SERPINF1 mutations were found in the carrier population, of which three led to premature stop codons Skin fibroblasts were obtained from four heterozygous mutation carriers. Carriers (C) 1 and C2 were heterozygous for p.Arg99*. C3 had the p.Ala91_Ser93dup mutation. C4 carried a p.Asn181Glnfs*22 mutation. Cellular consequences of heterozygous SERPINF1 mutations were assessed in these skin fibroblasts. Quantitative real-time PCR showed that SERPINF1 transcript levels were reduced in fibroblasts with stop or frame shift mutations but doi: 10.1210/jc.2014-2505 jcem.endojournals.org E2447 not in fibroblasts harboring the in-frame duplication p.Ala91_Ser93dup ( Figure 1A ). Western blot analysis of conditioned medium suggested that fibroblasts of individuals C1, C2, and C4 but not fibroblasts of individual C3 secreted lower amounts of PEDF ( Figure 1B) . Clinical characteristics of 18 carriers of SERPINF1 mutations (age from 8 to 89 y) were compared with those of 11 noncarriers (age range 8 -78 y) ( Table 1 ). The two groups did not differ with regard to height, weight, and body mass index z-scores or with regard to markers of bone and mineral metabolism. PEDF serum concentrations ranged from 2.1 to 10.1 mg/L in SERPINF1 mutation carriers without obvious difference between individual mutations, and from 2.0 to 28.3 mg/L in noncarriers ( Figure  1C ). This resulted in a significantly lower mean PEDF serum concentration in the carrier group (Table 1) .
Serum levels of triglycerides, total cholesterol, low-density lipoproteincholesterol, high-density lipoprotein-cholesterol, and the ratio between total cholesterol and highdensity lipoprotein-cholesterol were not different between groups (P Ͼ .3 for each parameter; data not shown).
All 18 SERPINF1 mutation carriers and all 11 noncarriers had normal aBMD results (z-scores between Ϫ2 and ϩ2) at both the lumbar spine and the total body (Table 1) . Total-body DXA in addition showed a similar percentage body fat mass z-score between the 2 groups. Peripheral quantitative computed tomography at the radius (Table 1) and at the tibia (not shown) also did not reveal significant group differences for trabecular and cortical bone density.
Discussion
In this study we assessed the consequences of heterozygous SERPINF1 mutations. On the cellular level, we observed Abbreviations: CTX, cross-linked C-telopeptide of type I collagen; P1NP, amino-terminal propeptide of type I collagen. Results are given as mean (SD) or median (range). P values were calculated by independent t tests or U tests, as appropriate. Bold print indicates a significant P value (P Ͻ .05).
that fibroblasts with heterozygous stop or frame shift mutations in SERPINF1 express less SERPINF1 mRNA and secrete less PEDF protein than control fibroblasts. As a group, heterozygous SERPINF1 mutation carriers had lower mean serum PEDF concentrations than family members who did not carry SERPINF1 mutations. Despite the lower PEDF expression on the cellular and the systemic levels, heterozygous SERPINF1 mutation carriers had no detectable skeletal abnormality, and their fat mass and serum lipid status were similar to family members who did not carry a SERPINF1 mutation. We used DXA, peripheral quantitative computed tomography, and serum markers of bone metabolism to search for skeletal abnormalities in heterozygous SER-PINF1 mutation carriers but did not detect any differences to the results in family members without SERPINF1 mutations. It thus appears that a single functional copy of SERPINF1 is sufficient to maintain skeletal homeostasis. This is in contrast to mutations in LRP5 and WNT1, in which heterozygous mutations lead to haploinsufficiency and osteoporosis (10 -12) . LRP5 and WNT1 play important roles in the WNT signaling pathway, and it therefore seems that genetic defects in the WNT pathway tend to be associated with haploinsufficiency. PEDF is thought to also play a role in WNT signaling (17) . However, the observation that heterozygous SERPINF1 mutation carriers did not have a bone phenotype, whereas WNT1 mutation carriers have osteoporosis suggests that the effect of PEDF on WNT signaling activity in bone cells is lower than that of WNT1. The mechanisms whereby PEDF deficiency leads to bone fragility are presently unknown.
PEDF is not only important for bone but has also been identified as a secretory product of many tissues, including liver, muscle, and fat (3). It has been proposed that PEDF acts as a negative regulator of adipogenesis (17) . It is therefore reasonable to hypothesize that heterozygous SER-PINF1 mutations and decreased expression of PEDF should be associated with increased fat mass. However, our data do not provide evidence for this hypothesis because family members with and without heterozygous SERPINF1 mutations had similar body fat mass and also did not differ from noncarriers in serum lipid status. This mirrors recent findings by Lakeland et al (18) , who found that mice with mild overexpression (2.5-fold) of PEDF in adipocytes had normal body composition and normal serum triglycerides. It thus appears that mild decreases (as in the present study) or increases (as in the study by Lakeland et al) in PEDF have little effect on body fat mass.
It has to be acknowledged that PEDF serum concentrations in heterozygous SERPINF1 mutation carriers largely overlapped with the levels found in individuals who did not carry such mutations. It is not known what levels of PEDF are required for normal bone homeostasis. We had previously found that the average PEDF serum concentration in healthy controls was 9.0 mg/L. It appears that a level of 2 mg/L, the lowest results obtained in the present study, is compatible with normal bone health. In contrast, individuals with OI type VI consistently have PEDF serum levels below 0.3 mg/L and in most cases serum PEDF is in fact undetectable (7) .
In conclusion, we found that heterozygous SERPINF1 mutation carriers did not have detectable abnormalities in fat and bone.
